The presence of organic compounds in water sources is one of the concerns in water treatment.
INTRODUCTION
Since the beginning of the 21st century, N-nitrosodimethylamine (NDMA) has being receiving attention as one of the emerging disinfection byproducts. It is a potent carcinogen with much higher cancer potency than that of trihalomethanes. A value of 0.7 ng/L NDMA in drinking water yields 10 À6 lifetime cancer risk (United States Environmental Protection Agency (USEPA) ). NDMA has been detected in the atmosphere as well as in food and beverage production. It was first documented as a drinking water contaminant in 1998 in California. The drinking water well concerned was closed due to the detection of 150 ng/L NDMA (California Department of Health Services (CDHS) ). Other incidents occurred in drinking water production which took recharge from treated wastewater after a reverse osmosis system; NDMA detected exceeded 20 ng/L (Orange County Water District (OCWD) ).
A significant level of NDMA can be formed from chlorine disinfection of secondary wastewater effluent and surface water: 100 ng/L and less than 10 ng/L respectively (Najm & Trussell ; CDHS ) . Among the chlorine disinfectants, chloramine forms relatively more NDMA (Mitch et al. ) . Monochloramine causes NDMA formation one magnitude higher than that of hypochlorite (Mitch & Sedlak ) . Chlorinated wastewater after advanced treatment, for instance microfiltration, reverse osmosis and UV disinfection, still contains NDMA with concentration ranging from 10 to 100 ng/L (Sedlak & Kavanaugh ) .
Studies have been conducted to investigate NDMA precursors in source waters. Municipal wastewater contains a higher level of NDMA precursors compared with natural waters (Gerecke & Sedlak ) . NDMA formation potential total NDMA precursors in ground water ranging from 4-84 ng/L, with a median of 10 ng/L. They also found that NDMA precursors in river water were significantly higher than those in ground water, ranging from 11 to 185 ng/L, with a median of 51 ng/L. In another study, NDMA precursors from Upper San Leandro reservoir (27 ng/L) and Lake Anza (48 ng/L) were found by Mitch et al. () . Dimethylamine (DMA) is one of the most frequently studied potential precursors. DMA can come from industrial products such as certain fungicides, pesticides, herbicides, drugs and amine-containing products (Child et al. ) .
Other precursors reported are dithiocarbamate and certain nitrogen-containing cationic polyelectrolytes (Weissmahr & Sedlak ) . Given the complexity of NDMA precursors and the lack of information on the presence of NDMA and its precursors in tropical water sources, this work aimed to study the properties of NDMA organic precursors in different local water sources and to investigate their relationship with NDMAFP. In this study, the NDMA precursors in wastewater samples were investigated and the results were 
MATERIALS AND METHODS

Water samples collection
Samples were collected from two water sources with different NOM content: surface water and wastewater. They include the following: (1) lake water, (2) river water and (3) wastewater. Samples were collected from a freshwater lake located in the western region of Singapore that receives runoff from its urban catchment area. Samples were also collected from a river that receives water from tributaries and runoff from road and residential areas. All surface water samples were consistently taken at 0.5 m below the surface. The four types of wastewater selected were secondary effluents (SEF) A, B, C and primary effluent. All wastewater samples were taken consistently at the same locations in the treatment process. The characteristics and precedent treatment process are shown in Table 1 . To ensure the consistency of results, all water samples were collected in 1 L amber bottles, and stored in dark at 4 W C after collection until analyzed. All samples were processed within 10 hours of sampling. Two samples of each water type were tested.
NDMA formation potential study
In NDMAFP study, the established method by Mitch et al.
() was adopted. All glassware used was washed with decon 90 water, rinsed with de-ionized (DI) water and baked at 400 W C for at least 3 h prior to use. The reactions were conducted at room temperature in 1 L amber glass bottles. Reactions were controlled at pH ¼ 6.8 by a 10 mM phosphate buffer. For each reaction, a 900 mL water sample was dosed with 100 mL 20 mM monochloramine.
An excessive dose of monochloramine was used to make sure that the majority of the NDMA precursors were converted into NDMA. At the end of each stage, 200 mM sodium thiosulfate solution was applied to quench the reaction. The formation potential study lasted for 10 days at room temperature. A volume of 900 mL DI water was used as control blank, to measure the possible effects from reagents.
NDMA detection
NDMA was detected by applying solid phase extraction (SPE) followed by analytical instrument: gas chromatography-mass spectrometry (GC-MS) or liquid chromatography-mass water, N 2 gas, NDMA standard solution, NDMA-d 6 standard solution.
A Shimadzu 2010 gas chromatograph equipped with a mass spectroscopy detector (MSD) (Shimadzu Asia-Pacific, Singapore) and chemical ionization (CI) mode was used. Data collection and processing were carried out by customized software (ChromCALC, DOC-LABOR, Germany).
LC-OCD-OND analysis
The nitrogen content in BP and HS fractions was estimated by the software. For the part in BB and LMW neutrals, manual integration was applied to estimate the nitrogen content in the LMW fraction and the total nitrogen (TN) content.
The nitrogen in BB was then calculated by subtracting the nitrogen content in other fractions from the TN content: N in building block ¼ total N À N in biopolymers À N in humic substances À N in low molecular weight (1)
Other measurements
Total chlorine was measured using the DPD (N, N- 
RESULTS AND DISCUSSION
NOM characteristics in different water samples 
NDMA formation potential
NDMAFP for river water, lake water, SEF A, B, C and primary effluent are shown in Figure 1 .
The different NDMA formation profiles were likely influenced by NOM in various water samples. The same profile of NDMA formation curve was observed in lake and river waters. The excess dosing of chloramines formed NDMA rapidly for the first 2 days. The concentrations of NDMA eventually plateaued due to the consumption of the organic precursors (Mitch et al. ) . Similarly, the formation kinetics for three types of SEF followed the same trend. The NDMA concentration increased rapidly during the first 2 days of reaction and reached a plateau afterward. However, for the primary effluent, although a rapid increase was observed as well within the first 2 days of reaction, concentration did not plateau after that. Figure 1 shows that for primary effluent there was still a trend of increase after 10 days. Figure 2 ). However, primary effluent had an outstanding NDMAFP/DON value, more than two times that of other water samples. This might be due to the high percentage of DON associated with anthropogenic pollutants in primary effluent. These anthropogenic pollutants have more organic nitrogen precursors to form NDMA (Gereck & Sedak ). Among the three SEF, SEF B had much smaller NDMAFP/DON than SEF A and C. This indicates a lower level of NDMA precursors in SEF B, which might be due to its difference organic composition which is discussed in the following sections. Table 2 shows the DOC distribution in the water samples.
The average distribution proportions of the BP in lake and to 20.5%) corresponded with the results that the wastewater samples contained less hydrophobic substance. The results in this study indicated the higher NDMAFP of wastewater samples compared to that of lake and river samples. This is probably due to the higher hydrophilic fraction in wastewater samples. Zhuo & Valentine () also noted that hydrophilic fractions tended to form more NDMA than hydrophobic fractions. Table 3 shows the distribution of DON in the water samples. Results revealed that DON in the water samples accounted for more than 50% in HS and BB fractions.
This indicated that HS and BB were the main components in the water samples.
Results from LC-OCD revealed that HS was the main fraction in surface water: 37.1 and 42.3% of DON in lake 
NDMAFP reduction in water reclamation plant (WRP)
Two types of secondary treatment, activated sludge process (ASP) and MBR, in WRP I had NDMA precursor removal of 93% and 91%, respectively (standard deviations, d.o.f. as 6) ( Figure 6 ). This corresponds to the reported results that NDMA precursor removal in secondary treatment was between 60 and 90% (Sedlak & Kavanaugh ) . These high removal rates partially come from the high removal of prevalent NDMA precursor, DMA. It was reported that DMA removal in secondary treatment ranged between 96 and 99%.
Studies showed that most of the remaining NDMA precursors in secondary effluent were compounds other than DMA (Mitch & Sedlak ; Sedlak & Kavanaugh ). 
CONCLUSIONS
The experiment results confirmed the same NDMA formation kinetics in both wastewater and natural water;
however, the wastewater samples contained more NDMA precursors. NDMAFP was strongly correlated to DON (R 2 ¼ 0.78), especially, DON in BB and LMW fractions. Furthermore, correlation study showed that most NDMA precursors came from the DON precursors which had low molecular weight (smaller than 500 g/mol). Secondary treatment was proved to remove a large percentage of NDMA precursors in the wastewater treatment. Future research on NDMA precursor identification and NDMA precursor removal mechanism in wastewater treatment may help improve NDMA precursor removal. 
